Introduction
The synthesis of the first allenylidene complexes, L n MdCdCdC(R BuLi, presumably via an alkynyl complex as an intermediate. Since then a large number of allenylidene complexes of many transition metals have been prepared, including complexes of titanium, chromium, tungsten, manganese, rhenium, iron, ruthenium, osmium, rhodium, and iridium. 3 Most syntheses now use propargylic alcohols, HCtCC(R)(R′)OH, as sources of the allenylidene C 3 fragment. Coordination of the propargylic alcohol to the transition metal is followed by its rearrangement into a hydroxyvinylidene ligand. On subsequent elimination of water, allenylidene ligands are formed. This strategy was originally introduced by Selegue. 4 Some of these complexes have been used as catalyst precursors:
5 for instance, in ring-closing metathesis, 6 in ring-opening metathesis, 7 in the dehydrogenative dimerization of tin hydrides, 8 and in selective transetherification of substituted vinyl ethers. 9 Allenylidene complexes of palladium have been unknown until now, and consequently their catalytic activity has not been studied. This is surprising, especially when considering the broad range of applications of palladium complexes in organic synthesis and catalysis. 10 Many commonly used catalysts for CC coupling reactions such as, for example, the Mizoroki-Heck reaction or the Suzuki coupling reaction are based on palladium complexes.
We now report on the synthesis and the spectroscopic properties of the first palladium allenylidene complexes from readily available N,N-dimethylpropiolamides as the C 3 source.
Results and Discussion
Initially, we envisioned the transmetalation of allenylidene ligands from chromium to palladium, since N-heterocyclic carbene ligands such as pyrazolin-3-ylidene and pyrazolidin-3-ylidene proved readily transferable from pentacarbonylchromium complexes to gold, palladium, and platinum in high yield. 11 The analogous transmetalation of several allenylidene ligands from chromium to tungsten likewise proceeded quickly in yields ranging from 83 to 97%. 12 However, all attempts to transfer allenylidene ligands from chromium to palladium met with failure. Therefore, the strategy had to be changed and an approach starting from alkynyl complexes was investigated.
Recently, we developed an easy to perform one-pot synthesis for π-donor-substituted allenylidene pentacarbonyl complexes of chromium and tungsten. Sequential reaction of the solvent complexes [(CO) 5 M(THF)] (M ) Cr, W) with appropriate deprotonated alkynes as the C 3 source and [R 3 O]BF 4 as the alkylating agent afforded the corresponding amino-and alkoxyallenylidene complexes in very good yields. 13 Modification of this route turned out to also be applicable to the preparation of palladium allenylidene complexes.
Terminal halogenoalkynes are known to react with zerovalent palladium complexes by oxidative addition, affording stable palladium(II) alkynyl complexes.
14 Thus, treatment of a suspension of [Pd(PPh 3 ) 4 ] in CH 2 Cl 2 at ambient temperature with BrCtCC(dO)NMe 2 (1a) afforded the neutral alkynyl complex 2a (Scheme 1). Bromoalkyne 1a was obtained by reaction of propynoic acid dimethylamide with N-bromosuccinimide (NBS). Pure alkynyl complex 2a was isolated, after repeated crystallization from mixtures of CH 2 Cl 2 and Et 2 O, as a colorless solid in 85% yield. The subsequent alkylation of 2a at -50 C with a slight excess of MeOTf proceeded smoothly and afforded the cationic palladium allenylidene complex 3a-OTf as a light yellow solid in 91% yield after crystallization from pentane-CH 2 Cl 2 mixtures (Scheme 1). The corresponding BF 4 salt, 3a-BF 4 , was obtained when [Me 3 O]BF 4 instead of MeOTf was used as the alkylation agent. The complexes 2b, 3b-OTf, 3b-BF 4 , 4a-BF 4 , and 4b-BF 4 were synthesized accordingly.
Modification of the properties of the allenylidene complex can be achieved by variation of the terminal substituents of the allenylidene ligand and the coligands at palladium. The variation of the terminal substituents was achieved by starting from alkyne 1b instead of 1a and employing [Et 3 O]BF 4 as the alkylation agent; otherwise the same reaction sequence was followed (Scheme 1).
The metal-bound C R atom and the terminal C γ atom in allenylidene complexes are electrophilic centers (see resonance forms II and III in Scheme 4).
3 Therefore, nucleophilic additions to these centers might compete with substitution of halides for the bromide ligand or of phosphines for the PPh 3 ligands. To avoid such side reactions at the allenylidene ligand, the alkynyl complexes 2a,b were chosen as the starting compounds for the modification of the coligand set in allenylidene complexes.
Treatment of a solution of 2a,b in CH 2 Cl 2 with 2.2 equiv of the more nucleophilic phosphines P i Pr 3 and P(C 6 H 4 OMe-4) 3 led to quantitative exchange of both PPh 3 ligands. Complexes 5a,b and 7b were obtained as colorless or pale yellow solids after several recrystallization cycles from Et 2 O in 70-74% yield. These alkynyl complexes were subsequently converted into cationic allenylidene complexes by alkylation with MeOTf. The resulting allenylidene complexes were then isolated in 98% (6a-OTf), 97% (6b-OTf), and 91% yield (8b-OTf) (Scheme 2).
When Ag All new alkynyl and allenylidene complexes were characterized by spectroscopic means and by elemental analysis. The structures of 5b and 10a-BF 4 were additionally established by X-ray diffraction studies.
From the observation of only one singlet in the 31 P NMR spectra it followed that the two phosphine ligands are mutually trans. There was no indication of the presence of a cis isomer. Two singlets for the two N-bound methyl groups in the NMR spectra of all alkynyl complexes indicated a rather high barrier to rotation around the C(sp C NMR spectra compared well with those of known palladium alkynyl complexes.
14d As expected, increasing the electron density at palladium in the series 9a, 2a, 7b led to a shift of the 13 C resonance of the metal-bound alkynyl C R atom to lower field. The resonances of C and C γ were unaffected by varying the substitution pattern of the metal center.
The formation of the cationic allenylidene complexes by alkylation of the alkynyl complexes was accompanied by a pronounced shift of the C R resonance to lower field by about 45 ppm, a shift of the C resonance to higher field (Δδ ≈ 11 ppm) and a shift of the ν(CC) vibration to lower energy by 10-15 cm . The resonances of the C γ atom and the N-CH 3 groups were again almost unaffected by the alkylation. Similar trends have been observed on alkylation of alkynylpentacarbonylchromate complexes to give neutral allenylidene complexes.
12
The extent of these shifts and the observation of two resonances for the dimethylamino substituent in the 1 H and 13 C NMR spectra demonstrate the importance of the zwitterionic resonance forms II and III for the overall bond description of these cationic allenylidene complexes (Scheme 4).
12 As in 2a, 5a, 7b, and 9a, both phosphine ligands are mutually trans, as indicated by the presence of only one signal for both phosphorus nuclei in the 31 P NMR spectra. A comparison of the spectroscopic data of these cationic palladium allenylidene complexes with those of the related neutral complexes [(CO) 5 MdCdCdC(NMe 2 )OMe] (M ) Cr, W) reveals that in cationic palladium allenylidene complexes the alkynyl character (see III in Scheme 4) is significantly more pronounced than in the corresponding group 6 complexes, as evidenced by the ν(CC) vibration at higher energy by about 70-90 cm were determined by X-ray diffraction studies. The complex 10a-BF 4 crystallizes from dichloromethane with two molecules of CH 2 Cl 2 ; the BF 4 -anion is slightly disordered. In both complexes the palladium atom engages in square-planar coordination. In 5b the plane formed by the atoms C(3), O(1), and N(1) and the coordination plane of palladium are almost coplanar (torsion angle O(1)-C(3)-Pd(1)-P(1) ) 12.0 ). In contrast, the allenylidene plane (formed by the atoms C(3), N(1), and O(3)) and the trifluoracetate plane in 10a-BF 4 are perpendicular (89.6 and 87.9 , respectively) to the coordination plane of palladium. In both complexes the Pd-C 3 chain is slightly bent: Pd-C(1)-C(2) ) 175.6(3) (5b) and 176.7(2) (10a-BF 4 ), C(1)-C(2)-C(3) ) 168.1(3) (5b) and 172.6(3) (10a-BF 4 ). However, a modest Structure of the alkynyl complex 5b in the crystal (ellipsoids drawn at the 50% probability level; hydrogen atoms omitted for clarity). Important distances (Å) and angles (deg):
Figure 2. Structure of the cation of complex 10a-BF 4 in the crystal (ellipsoids drawn at the 50% probability level; hydrogen atoms, two molecules of methylene chloride, and the anion BF 4 -omitted for clarity). Important distances (Å) and angles (deg):
deviation from linearity of the MC 3 fragment in allenylidene complexes is often observed. The Pd-C bond (1.925(3) Å) in the allenylidene complex 10a-BF 4 is close to the shorter limit of observed Pd-C bond lengths and is shorter than the Pd-C bond in the related cationic N-heterocyclic carbene ( ). Similarly to other neutral π-donorsubstituted allenylidene complexes of chromium and tungsten [11] [12] [13] 18 the C(1)-C(2) bond is very short (1.217(4) Å) and only slightly longer than in the alkynyl complex 5b (1.209(5) Å). Conversely, the C(2)-C(3) bond in 10a-BF 4 (1.420(4) Å) is rather long and is even longer than that in [(CO) 5 CrdCd CdC(O-adamantyl)NMe 2 ] (1.366(7) Å) 18 but, as expected, is shorter than in 5b (1.454(4) Å). The terminal bonds of the chain, C(3)-O(3) and C(3)-N(3), however, compare well with those in related complexes.
In summary, the first isolable palladium allenylidene complexes are accessible by a straightforward two-step synthesis from readily available bromoalkynes. The new complexes are remarkably stable. For instance, after heating for 14 h at 160 C the intensity of the ν(CC) vibration in the IR spectra of 3a-OTf only decreased to a minor degree, thus confirming the stability of the new allenylidene complexes. They exhibit all characteristic features of π-donor-substituted allenylidene complexes.
Experimental Section
All reactions were performed under a nitrogen atmosphere by using standard Schlenk techniques. Solvents were dried by distillation from CaH 2 (CH 2 Cl 2 ), LiAlH 4 (pentane), and sodium (Et 2 O). The yields refer to analytically pure compounds and are not optimized. 1 
1-Bromo-N,N-dimethylpropiolamide (1a).
A solution of 0.97 g (10 mmol) of N,N-dimethylpropiolamide in 40 mL of acetone was treated at ambient temperature with 2.16 g (12 mmol) of NBS and 150 mg (0.9 mmol) of AgNO 3 . After 60 min the reaction mixture was poured onto 200 mL of ice water. The aqueous phase was extracted three times with 30 mL portions of ethyl acetate. The combined organic extracts were dried over MgSO 4 . The solid was then filtered off and the solvent removed in vacuo. The crude product was filtered over a short plug of silica using CH 2 Cl 2 /acetone (5:1) as the eluant. Removal of the solvent gave 1.36 g (7.9 mmol; 79%) of 1 as a colorless solid.
1 H NMR (400 MHz, CDCl 3 ): δ 2.88 (s, 3H, NCH 3 ), 3.12 (s, 3H, NCH 3 C. After 10 min at -50 C, the solution was warmed to ambient temperature. The progress of the reaction was followed by IR spectroscopy. When all of the starting material was consumed, the solvent was removed in vacuo. trans-Bromobis(triphenylphosphine)(3-N,N-tetramethyleneamino-3-methoxy-1,2-propadienylidene)palladium(II) Trifluoromethanesulfonate (3b-OTf). The synthesis of 3b-OTf from 0.32 g (0.38 mmol) of 2b and 0.04 mL (0.38 mmol) of MeOTf in 20 mL of CH 2 Cl 2 was carried out analogously to 3a-OTf. Yield: 0.82 g (0.82 mmol; 97%) of 3b-OTf as a yellow powder.
1 H NMR (400 MHz, CD 2 Cl 2 ): δ 1.70 (m, 2 H, CH 2 ), 1.87 (m, 2 H, CH 2 ), 2.68(t, J ) 7.0 Hz, 2 H, NCH 2 ), 3.27 (s, 3 H, OCH 3 ), 3.34 (t, J ) 7.0 Hz, 2 H, NCH 2 ), 7. 18 H, ArH), 12 H, ArH (40) (44) trans-Bromobis(triisopropylphosphine)(3-dimethylamino-3-oxy-1-propynyl)palladium(II) (5a). At ambient temperature, a solution of 0.55 g (0.68 mmol) of 2a in 30 mL of CH 2 Cl 2 was treated with 0.29 mL (1.50 mmol, 2.2 equiv) of P i Pr 3 . The progress of the reaction was monitored by IR spectroscopy. When all of the starting material was consumed (60 min), the solvent was removed in vacuo and the crude product purified by column chromatography using a petroleum ether/Et 2 O mixture as the eluant. Removal of the solvent gave 0.29 g (0.47 mmol, 70%) of pure 5a as a white powder.
1 H NMR (400 MHz, CD 2 Cl 2 ): δ 1.35 (q, J ) 7.04 Hz, 36H, CH(CH 3 ) 2 ), 2.82 (s, 3H, NCH 3 ), 2.89 (m, 6H, CH(CH 3 ) 2 ), 3.10 (s, 3H, NCH 3 ). 13 trans-Bromobis(triisopropylphosphine)(3-N,N-tetramethyleneamino-3-oxy-1-propynyl)palladium(II) (5b). The synthesis of 5b from 1.23 g (1.48 mmol) of 2b and 0.62 mL (3.25 mmol, 2.2 equiv) of P i Pr 3 in 30 mL of CH 2 Cl 2 was carried out analogously to 5a. The crude product was purified by column chromatography using an ether/CH 2 Cl 2 /acetone mixture. Yield: 0.65 g (1.03 mmol; 70%) of 5b as a white powder.
1 H NMR (400 MHz, CDCl 3 ): δ 1.38 (m, 36 H, CH(CH 3 ) 2 ), 1.87 (br, 4H, CH 2 CH 2 ), 2.94 (m, 6 H, CH(CH 3 ) 2 ), 3.40 (t, J ) 6.6 Hz, 2H, NCH 2 ), 3.53 (t, J ) 6.6 Hz, 2H, NCH 2 ). 13 , 40.80; H, 6.98; N, 1.90. Found: C, 39.38; H, 6.33; N, 1.54. trans-Bromobis(triisopropylphosphine)(3-N,N-tetramethyleneamino-3-methoxy-1,2-propadienylidene)palladium(II) Trifluoromethanesulfonate (6b-OTf). The synthesis of 6b-OTf from 0.18 g (0.27 mmol) of 5b and 0.03 mL (0.27 mmol) of MeOTf in 10 mL of CH 2 Cl 2 was carried out analogously to 3a-OTf. trans-Bromobis[tris(4-methoxyphenyl)phosphine](3-N,N-tetramethyleneamino-3-oxy-1-propynyl)palladium(II) (7b). The synthesis of 7b from 0.42 g (0.50 mmol) of 2b and 0.39 g (1.10 mmol, 2.2 equiv) of P(C 6 H 4 OMe-4) 3 in 30 mL of CH 2 Cl 2 was carried out analogously to 5a. The crude product was purified by column chromatography using a petroleum ether/CH 2 Cl 2 /acetone mixture. Yield: 0.37 g (0.37 mmol; 74%) of 7b as a pale yellow powder. 1 
